Tachykinin immunoreactivity is found in a ventromedial spinal plexus in the lamprey. Neurons in this plexus project bilaterally and are thus in a position to modulate locomotor networks on both sides of the spinal cord. We have examined the effects of the tachykinin substance P on NMDA-evoked locomotor activity. Brief (10 min) application of tachykinin neuropeptides results in a prolonged concentration-dependent (Ͼ24 hr) modulation of locomotor activity, shown by the increased burst frequency and more regular burst activity. These effects are blocked by the tachykinin antagonist spantide II.
Neuromodulation and synaptic plasticity can alter the output of neural circuits, thus affecting any behaviors that these circuits control. Although the analysis of neuromodulation and synaptic plasticity at any level is of value, an integrative approach in which effects are studied directly at several levels is ultimately more informative (Harris-Warrick et al., 1992; Byrne and Kandel, 1996) . This type of analysis, however, is difficult to perform in most vertebrate systems.
In the lamprey, a lower vertebrate, the locomotor network has been characterized by making single or paired intracellular recordings from identified network neurons Buchanan, 1996) , thus allowing the types of neurons, their membrane properties, and their transmitter receptors to be identified Buchanan, 1996) . The spinal cord contains a number of different peptidergic and aminergic modulators (Wallén et al., 1989; Parker and Grillner, 1996; El Manira et al., 1997) . These can target particular ion channels, resulting in specific changes in locomotor activity (Brodin and Grillner, 1990; Grillner et al., 1994) . The aim of this study is to characterize the effects of tachykinins on the lamprey locomotor network and its component neurons.
In the lamprey, as in higher vertebrates, tachykinin immunoreactivity is found in the dorsal root, dorsal column, and dorsal horn (Van Dongen et al., 1985 and in a ventromedial spinal cord plexus in which motor neurons and network interneurons distribute their medial dendrites (see Fig. 1 A) . The structural characterization of lamprey tachykinins has shown that the functionally important C-terminal sequence has been conserved during vertebrate evolution (Waugh et al., 1995) . The effects of tachykinins have been examined extensively on sensory processing in higher vertebrates (Levine et al., 1993) but to a much lesser extent on motor activity (White, 1985; Barthe and Clarac, 1997) . Tachykinins act on sensory inputs in the lamprey via several different protein kinase C-mediated cellular mechanisms. Tachykinins depolarize and increase the excitability of primary afferents and sensory interneurons, and presynaptically potentiate and inhibit glutamatergic and glycinergic synaptic inputs, respectively (Parker and Grillner, 1996; Parker et al., 1997) . The ventromedial plexus contains cells that are immunoreactive to tachykinins, 5-hydroxytryptamine (5-HT), and dopamine (DA/5-HT/TK plexus) (see Fig. 1A ) (Van Dongen et al., 1985 Schotland et al., 1995) . A proportion of the tachykinin-containing fibers and cell bodies are immunoreactive for 5-HT (Van Dongen et al., 1985 . Neurons in the DA/5-HT/TK plexus project bilaterally and thus are in a position to influence locomotor networks on both sides of the spinal cord. 5-HT and dopamine reduce the frequency of locomotor bursts (Harris-Warrick and Cohen, 1985; McPherson and Kemnitz, 1994; Schotland et al., 1995 Schotland et al., , 1996 , although low concentrations of dopamine increase the burst frequency (McPherson and Kemnitz, 1994) . Dopamine and 5-HT have complementary cellular effects on calcium and calciumdependent potassium channels, respectively (Wallén et al., 1989; Schotland et al., 1995) . In this paper, we show that tachykinins cause a concentration-dependent, long-lasting modulation of lo-comotor activity. This is initially caused by a protein kinase C-mediated potentiation of cellular responses to NMDA, followed by a longer-lasting phase (Ͼ2 hr) that is protein synthesis-dependent.
MATERIALS AND METHODS
Adult lampreys (Lampetra fluviatilis and Petromyzon marinus) were anesthetized with tricaine methane sulfonate Sandoz, Basel, Switzerland) . Seasonal availability necessitated the use of these two species. The two species showed the same responses to substance P. In experiments examining network activity, the spinal cord and notochord (10 -15 segments) were isolated and placed in a Sylgard (Sikema, Stockholm, Sweden)-lined chamber, where the connective tissue and meninx primitiva were removed from the dorsal surface of the cord. The spinal cord was superf used with Ringer's solution containing (in mM): 138 NaC l, 2.1 KC l, 1.8 C aC l 2 , 1.2 MgC l 2 , 4 glucose, 2 H EPES, and 0.5 L-glutamine, which was bubbled with O 2 and the pH adjusted to 7.4. Nominally magnesium free Ringer's solution consisted of (in mM): 140.4 NaC l, 2.1 KC l, 1.8 C aC l 2 , 4 glucose, 2 H EPES, and 0.5 L-glutamine. The experimental chamber was kept at a temperature of 8 -12°C.
L ocomotor activity was elicited by bath-applying NMDA (30 -200 M) or kainate (5-10 M) . Activity was recorded by placing suction electrodes on ventral roots on both sides of the body. The cycle duration was defined as the time between the onset of two successive ventral root bursts on the same side. The coefficient of variation (C V) was calculated as the SD of the cycle duration divided by the mean cycle duration. The cycle duration was defined as the time interval between the onset of successive bursts in a single ventral root. Drugs were added only after the pattern of activity had been constant for at least 1 hr. Kainate activity was more difficult to elicit than NMDA activity, which required up to 2 hr before significant activity appeared and up to an additional 2 hr before the activity became stable.
Intracellular recordings were made from identified motor neurons and network interneurons using thin-walled glass electrodes filled with 3 M potassium acetate and with resistances of 40 -60 M⍀. The spinal cord was usually isolated from the notochord for intracellular experiments. The connective tissue and meninx primitiva were removed from the dorsal and ventral surfaces of the spinal cord, which was then placed ventral side up in the recording chamber. A plastic net, secured by pinning it to the Sylgard, was placed over the cord to keep it stable. Motor neurons were identified by orthodromic spikes recorded in adjacent ventral roots after current injection into the soma, whereas crossed caudal (CC) interneurons were identified by recording orthodromic spikes with a suction electrode placed on the contralateral caudal region of the spinal cord at least 10 segments from the impaled neuron (Buchanan, 1993) . Axon Instruments software (pC lamp, Axotape, Axon Instruments, Foster C ity, CA) was used for data acquisition and analysis on a 486 PC -computer equipped with an A / D interface (Digidata 1200, Axon Instruments).
C ellular responses to excitatory amino acids were examined by pressure-applying NMDA and AM PA onto the surface of the spinal cord above the impaled neuron. Because the spinal cord is thin (200 m), drugs applied in this way readily gain access to somata in the spinal cord. These experiments were performed in tetrodotoxin (TTX; 1.5 M) to block indirect effects attributable to the activation of nearby neurons. Pressure-pulse durations of 10 -100 msec were used in different experiments to give clear, consistent responses. NMDA and AM PA responses were evoked at intervals of 1-2 min. Application at this frequency did not in itself cause any changes in NMDA or AM PA responses (data not shown).
Drugs were added directly to the Ringer's solution and applied to the bath for 10 min, unless stated otherwise. Stock solutions of phorbol 12,13 dibutyrate, 4-␣ phorbol 12,13 dibutyrate, chelerythrine (RBI, Natick, M A), BAP TA-AM, and EGTA-AM (Molecular Probes, Leiden, The Netherlands) were made by dissolving them in DMSO. In each case the final concentration of DMSO in the Ringer's solution was 0.1%. This concentration of DMSO did not affect the locomotor frequency or the effects of eticlopride or substance P (data not shown). Spinal cords were preincubated in the translational protein synthesis inhibitors anisomycin, puromycin, and cyclohexamide (Sigma, Stockholm, Sweden) for 1-4 hr, in EGTA-AM for 2 hr, and in chelerythrine, H8, or spantide for 1 hr before substance P application. A second piece of spinal cord, taken from the same animal, was used as a control in each of these experiments.
Unless stated otherwise, statistical significance was examined using two-tailed paired t tests. The numbers in the text refer to the number of cords used, with no more than two pieces of cord being taken from the same animal.
RESULTS

Tachykinin effects on locomotor burst frequency
Bath application of the tachykinin substance P for 10 min resulted in a concentration-dependent increase in the frequency of NMDA-elicited ventral root bursts and of the excitability of network neurons (Fig. 1 B,C) (10 nM, p Ͼ 0.05; 100 nM, p Ͻ 0.05; 1 M, p Ͻ 0.01). The recovery of this effect after washout was also concentration-dependent (Fig. 1C) . With 10 nM substance P, the frequency usually recovered to control after washing for 30 min to 1 hr (n ϭ 8). With 100 nM substance P, the frequency initially increased slightly after washing for 1 hr and recovered after washing for ϳ4-5 hr (n ϭ 8). With 1 M substance P, however, the frequency increased after washing for 1 hr and did not recover to control after washing for 10 hr (n ϭ 63) (Fig. 1C) . Recovery was never seen in preparations that were examined 24 hr after substance P application (n ϭ 5 of 5). The effect of substance P on the burst frequency occurred across the range of NMDA concentrations used (50 -200 M; data not shown), although the percentage increase in frequency was greatest when the control frequency was low (Fig. 1 D) . Although 1 M substance P consistently increased the burst frequency (n ϭ 60 of 63), the initial effects after 10 min application could be variable. The increased burst frequency developed immediately after the application of substance P in 23 preparations. In 18 preparations the locomotor activity was transiently disrupted, with this effect not lasting for more than 5-10 min. In the remaining preparations (n ϭ 19), the burst frequency was transiently reduced, and the increased burst frequency usually developed within 30 min of substance P application (data not shown).
Tachykinin effects on the burst regularity
In addition to potentiating the frequency of locomotor bursts, substance P also had a concentration-dependent effect on the burst regularity (Fig. 2 A,B) . This was shown quantitatively by a reduction of the CV (SD of cycle duration/mean cycle duration) (Fig. 2 A) . This effect was also concentration-dependent (10 nM, p Ͼ 0.05; 100 nM, p Ͼ 0.05; 1 M, p Ͻ 0.05) and with 1 M was again long lasting (see Fig. 10 Aii). With lower concentrations of substance P, the reduction of the CV occurred only when the initial value was high, i.e., when the activity was irregular (Fig.  2C ) (10 nM r 2 ϭ 0.52; 100 nM r 2 ϭ 0.81), and with a low initial CV, 10 or 100 nM substance P could result in a nonsignificant increase in the CV (Fig. 2C) ( p Ͼ 0.05). With 1 M substance P, however, the CV was reduced regardless of its initial level (r 2 ϭ 0.08) (Fig.  2C) . The CV is not related to the burst frequency (Fig. 2 D) (n ϭ 48; r 2 ϭ 0.01), i.e., faster activity is not necessarily more regular. This suggests that the modulation of the CV is not simply caused by the increased burst frequency but by a separate effect of substance P on the locomotor network. The effects of substance P on burst frequency and CV were mimicked by the mammalian tachykinin neurokinin A (n ϭ 3), the amphibian tachykinin physalaemin (n ϭ 3), and the molluscan tachykinin eledoisin (n ϭ 3; data not shown).
Involvement of NMDA receptor activation or network activity in the burst frequency modulation
Experiments examining the dependence of the network modulation on the presence of NMDA, and thus network activity, were also performed. In these experiments, control NMDA-elicited activity was recorded, and then the NMDA was washed out. Substance P (1 M) was applied 30 min after all network activity had stopped. NMDA was then reapplied to the bath at various times after the washout of substance P had started (Fig. 3A) . Significant potentiation ( p Ͻ 0.01) of the burst frequency still occurred in cords in which substance P was applied in the absence of NMDA, and thus network activity, providing that NMDA was reintroduced to the bath not later than 1 hr after substance P application (Fig. 3A) . Reapplication of NMDA 2 hr after the start of substance P washout resulted in the failure of any significant potentiation to develop ( p Ͼ 0.1). The potentiation of the burst frequency was not significantly different in experiments when NMDA was present throughout, or when it was reapplied 20 or 60 min after substance P ( p Ͼ 0.1; one-way ANOVA), but was significantly different when NMDA was reapplied after 2 hr ( p Ͻ 0.05; one-way ANOVA). This suggests that the modulation of the burst frequency does not require the presence of NMDA or network activity during substance P application, but that NMDA or network activity, or both, are required within ϳ1 hr of substance P application. In contrast to the effect on the burst frequency, the reduction of the C V was blocked when substance P was applied in the absence of NMDA and network activity, even if NMDA was reapplied to the bath within 20 min after the start of substance P washout ( Fig. 3B ) (n ϭ 12; p Ͼ 0.1). This suggests that the modulation of the C V requires network activity or NMDA or both to be present when substance P is applied, thus suggesting that different mechanisms underlie the two effects on the locomotor network.
Effects of tachykinin antagonists
The specific NK-1 receptor antagonist WIN 51,708 (4 M), which fails to antagonize the effects of substance P on mechanosensory neurons in the lamprey (Parker et al., 1997) , also failed to block the network effects of substance P (n ϭ 3; data not shown). However, preincubation of the spinal cord with the general tachykinin antagonist spantide II (4 M) (Yanagisawa et al., 1992; Parker et al., 1997) blocked the effects of substance P on the burst frequency (n ϭ 6 of 7) (Fig. 4 A) and CV (n ϭ 5 of 7; data not shown). After washout of spantide II for at least 1 hr, a second application of substance P could result in a significant increase in burst frequency (n ϭ 3; p Ͻ 0.05) (Figs. 1C, 4A ). Spantide II alone significantly reduced the frequency of NMDA-evoked ventral root bursts (n ϭ 5 of 7; p Ͻ 0.05) (Fig. 4 A) and increased the CV (n ϭ 4 of 7; p Ͻ 0.05; data not shown), suggesting that endogenous tachykinins may influence locomotor activity. This was further supported by the increase in NMDA-evoked burst frequency and reduction of the CV (data not shown) in the presence of the endopeptidase inhibitor phosphoramidon (2-10 M; n ϭ 7 of 7) (Fig. 4 B) , which blocks neuropeptide breakdown and thus would be expected to increase endogenous tachykinin levels. The effects of a low concentration (2 M) of phosphoramidon usually recovered after washing for 2 hr (n ϭ 4), suggesting that endogenous tachykinin levels were not increased sufficiently to elicit the long-lasting network potentiation. With 10 M phosphoramidon, however, the effects lasted in excess of 5 hr (n ϭ 3; data not shown).
Substance P thus has two effects on the locomotor network: an increase in burst frequency and an improvement in the burst Figure 1 . A, Schematic diagram showing the location of potential tachykinin inputs to locomotor networks in the lamprey spinal cord. B, Bath application of substance P (1 M) for 10 min increased the frequency of NMDA-induced ventral root bursts and increased the activity of an unidentified locomotor network neuron. C, The increase in burst frequency by substance P was concentration-dependent, as was the recovery on washing (10 nM, n ϭ 8; 100 nM, n ϭ 8; 1 M, n ϭ 63). D, The percentage substance P-mediated increase in the frequency of locomotor bursts was greatest when the initial frequency was low. The bar indicates the time and duration of substance P application.
regularity. With 1 M substance P, which is in the physiological range reported for neuropeptides (Duggan, 1995) , the effects can last in excess of 24 hr. The mechanisms underlying this long-term modulation have been examined in detail, and thus the remainder of the results section concentrates on the effect of 1 M substance P on the locomotor network.
Modulation of non-NMDA-induced locomotor activity
Insight into the mechanisms underlying the network modulation was first obtained by examining activity elicited by the non-NMDA receptor agonist kainate (5-10 M; n ϭ 4) . Substance P significantly increased the frequency of kainate-evoked locomotor bursts (Fig. 5A ,B) ( p Ͻ 0.01) and reduced the C V ( Fig. 5C ) ( p Ͻ 0.05), both effects lasting in excess of 7 hr (n ϭ 4). However, if substance P was applied in the presence of the NMDA receptor antagonist AP-5 (100 M; n ϭ 4), the modulation of the burst frequency was blocked (Fig. 5B , open symbols), suggesting that it was dependent on the intrinsic activation of NMDA receptors on network neurons. Application of AP-5 3 hr after substance P, however, did not reverse the effect on the burst frequency (Fig. 5B, filled symbols) , suggesting that NMDA receptors are required only in the initial period after substance P application. In contrast to the effect on the burst frequency, application of substance P in the presence of 100 M AP-5 did not block the reduction of the C V (n ϭ 4) (Fig. 5C) , further supporting the independence of the two substance P-induced network effects. Because the modulation of the CV was blocked by applying substance P in the absence of NMDA, and thus network activity (Fig. 3B) , this result suggests that network activity, and not the presence of NMDA per se, is required for the development of the CV modulation.
The effects of substance P on cellular responses to NMDA
Because the above results suggest an effect of substance P on NMDA receptors as a possible mechanism underlying the burst frequency modulation, the effects of substance P on cellular responses to NMDA were examined. This was done by recording intracellularly from network neurons and pressure-applying NMDA (1 mM; 10 -100 msec) onto the surface of the spinal cord above the cell body from which the recording was made. TTX (1.5 M) was used to reduce indirect effects caused by the activation of nearby neurons. Bath application of 1 M substance P for 10 min significantly ( p Ͻ 0.05) potentiated the amplitude of NMDA responses in motor neurons (n ϭ 6 of 6; 96 Ϯ 23%) (Fig. 6 Ai,Aii), CC interneurons (n ϭ 3 of 3; 56 Ϯ 8%) (Fig. 6 Bi,Bii), and unidentified gray matter neurons (n ϭ 9 of 10; 67 Ϯ 11%; data not shown). Substance P had no measurable effect on the input resistance of any neuron (Fig. 6 Ai,Bi, bottom traces). In addition to the effect on the amplitude, the duration of NMDA responses was usually increased in motor neurons (n ϭ 4 of 6) ( Fig. 6 Aii) but was not affected in any CC interneuron (n ϭ 3) (Fig. 6 Bii). Responses to AMPA (1 mM) were not affected in any neuron when examined for up to 1 hr after substance P application (n ϭ 4; data not shown). Potentiated NMDA responses and monosynaptic glutamatergic inputs always recovered gradually to control Figure 2 . Substance P makes the locomotor activity more regular. A, This was shown quantitatively by a reduction of the coefficient of variation (CV; SD divided by mean cycle duration), the effects of substance P again being concentration-dependent (10 nM, n ϭ 8; 100 nM, n ϭ 8; 1 M, n ϭ 63). B, Traces showing ventral root activity on both sides of the spinal cord in control, and 1 hr after the application of 1 M substance P for 10 min. C, The reduction of the CV with 10 nM and 100 nM substance P was greatest when the initial C V was high. With 1 M substance P, however, the CV was reduced regardless of its initial value. D, The reduction of the C V was not caused by the increased frequency of locomotor bursts, as shown by the lack of a relationship between frequency and C V of NMDA-evoked locomotor bursts in different experiments (n ϭ 48).
after washing (mean recovery time of NMDA responses, 92 Ϯ 32 min; n ϭ 18) (Fig. 6 Ai,Bi) (Parker and Grillner, 1998) . Thus, although the potentiation of NMDA responses, and consequently synaptic inputs, may have a role in the early stage of the network modulation, the long-term effect presumably does not depend on the tonic modulation of NMDA responses. This is in agreement with the results obtained by examining the effects of AP-5 application on potentiated kainate-evoked activity 3-4 hr after substance P (Fig. 5B) .
Role of the glycine site and magnesium block in the modulation of cellular NMDA responses
The mechanisms by which substance P potentiated NMDA responses were also examined. NMDA responses can be modulated by an effect at the glycine binding site of the receptor (Johnson and Asher, 1986; Rusin et al., 1992) or by an effect on the magnesium block of the channel (Mayer et al., 1984; Chen and Huang, 1992) . NMDA receptors in lamprey also have a glycine binding site and exhibit magnesium block Grillner et al., 1991) . The role of the glycine binding site in the modulation of NMDA responses was examined by adding 1-5 M glycine to the Ringer's solution. These concentrations have been used to saturate the glycine site of rat NMDA receptors, thus occluding the effect of substance P at the glycine binding site (Rusin et al., 1992) . In the lamprey, glycine application resulted in the potentiation of NMDA responses (n ϭ 3 unidentified gray matter neurons) (Fig. 6C) . However, when substance P was applied in the presence of glycine, it was still able to significantly potentiate NMDA responses to a similar degree (n ϭ 3; p Ͻ 0.05) (Fig. 6C) , suggesting that it acts independently of the glycine site.
The modulation of the magnesium block of the NMDA channel by substance P was investigated by bath-applying nominally magnesium-free Ringer's solution after the recovery of the effects of substance P on NMDA responses (n ϭ 3 unidentified gray matter neurons). As with glycine, magnesium-free Ringer's solution potentiated NMDA responses. However, subsequent application of substance P again significantly potentiated NMDA responses (n ϭ 3; p Ͻ 0.05) (Fig. 6 D) , suggesting that substance P does not affect the magnesium block of the channel. Figure 3 . The effects of substance P on the burst frequency did not require the presence of substance P or network activity. This was shown by washing out NMDA after the control frequency ( A) and C V ( B) had been established. Substance P (1 M) was applied 30 min after all locomotor activity had stopped. NMDA was then reapplied at different times after the washout of substance P had started. Numbers underneath the bars indicate the time (in minutes) when NMDA was reapplied after substance P washout. 0 means that substance P was applied in the presence of NMDA. Data from three cords are shown at each time. Tachykinin effects on NMDA responses are mediated via protein kinase C The second messenger pathway through which substance P acts to potentiate NMDA responses was also examined. Because substance P activates protein kinase C (PKC) in mechanosensory neurons in the lamprey (Parker et al., 1997) and PKC can potentiate NMDA responses in other systems (Ben Ari et al., 1992) , including the spinal cord (Gerber et al., 1992) , the role of PKC was examined. Bath application of the PKC -activating phorbol ester phorbol 12,13-dibutyrate (10 M) significantly potentiated responses to NMDA in unidentified gray matter neurons (n ϭ 4; p Ͻ 0.05) (Fig. 7Ai,Aii) , an effect that was reversed by the PKC inhibitor chelerythrine (10 M; n ϭ 3) (Fig. 9Ai,Aii) . The inactive analog 4-␣ phorbol 12,13-dibutyrate did not significantly affect NMDA responses (n ϭ 4; p Ͼ 0.1; data not shown). These results suggest that PKC can potentiate NMDA responses in lamprey gray matter neurons. The role of PKC in the substance P-mediated modulation of NMDA responses was examined by bath-applying chelerythrine (10 M) for 1 hr after the initial effects of substance P had recovered to control (n ϭ 4). This treatment has been shown to block the PKC -mediated modulation of mechanosensory afferents in the lamprey (Parker et al., 1997) . Chelerythrine consistently blocked the effects of substance P on NMDA responses (Fig. 7Bi,Bii) , suggesting that substance P acts through PKC.
Second messenger pathways underlying the network modulation
The results presented above show that substance P potentiates NMDA responses by acting through PKC. Confirmation of the role of this potentiation in the network modulation was examined in two ways. First, because the modulation of NMDA responses is dependent on PKC, the modulation of the burst frequency should also be blocked by the PKC antagonist chelerythrine if it is dependent on the potentiation of NMDA responses. This was examined by preincubating spinal cords with chelerythrine (10 M) for 1 hr before substance P application. Chelerythrine on its own did not significantly affect the CV or frequency of NMDAelicited ventral root bursts ( p Ͼ 0.1) (Fig. 8 Ai,Aii), but it did block the modulatory effects of substance P on the burst frequency (n ϭ 4 of 6) ( Fig. 8 Ai) , as would be expected if the potentiation of NMDA responses was required for the burst frequency modulation to occur. Chelerythrine also blocked the modulation of the CV (Fig. 8 Aii) . The burst frequency and CV modulation developed as usual in cords taken from the same animals but not incubated in chelerythrine (n ϭ 6) ( Fig. 8 Ai,Aii).
Preincubation with the cAMP-and cGMP-dependent protein kinase inhibitor H8 (10 M) for 1 hr also did not significantly affect the frequency or CV of control locomotor activity ( p Ͼ 0.1), or, in contrast to the effects of chelerythrine, the substance P-mediated potentiation of the burst frequency (n ϭ 3 of 5) (Fig.  8 Bi) . However, H8 did block the substance P-mediated reduction of the CV (n ϭ 4 of 5) (Fig. 8 Bii) . Thus, the modulation of the CV is blocked by inhibitors of both PKC and cAMP-and cGMPdependent protein kinases, again suggesting that separate effects underlie the modulation of the burst frequency and CV.
Because NMDA receptors are permeable to calcium (Mayer and Westbrook, 1987) , including those in lamprey (Wallén and Grillner, 1987) , potentiation of their responses would be expected to increase calcium levels in network neurons, an effect that has been suggested to underlie the induction of long-term potentiation in the hippocampus (Bliss and Collingridge, 1993) . The role of calcium in the modulation of the lamprey locomotor network was examined by incubating spinal cords in the slow intracellular calcium chelator EGTA-AM (20 M). EGTA-AM is a membrane permeable analog of EGTA. Once inside the cell, ester groups are removed, enabling it to buffer calcium but prevent it from leaving the cell. In these experiments, two pieces of cord were taken from the same animal. One piece was exposed to substance P as normal, whereas the other piece was incubated in EGTA-AM for 2 hr. EGTA-AM did not significantly affect con- trol locomotor activity (n ϭ 7) (Fig. 9Ai) , the only effect being a slight increase in burst frequency ( p Ͼ 0.05; two-tailed paired t test). In contrast, incubation with the fast intracellular calcium chelator BAP TA-AM (20 M for 2 hr) severely disrupted locomotor activity (n ϭ 4) (Fig. 9Aii) . This suggests that as in most other systems (Adler et al., 1991; Hochner et al., 1991; Ouanounou et al., 1996) , EGTA is not able to buffer the calcium transients required for fast transmitter release. Although the effect of substance P on the burst frequency in EGTA-AM-treated cords was significant (n ϭ 6; p Ͻ 0.05), the effect was markedly reduced compared with that in untreated cords (n ϭ 6) (Fig. 9B) . In addition, the potentiation that did develop in the EGTA-AMtreated cord had largely recovered after washing for 4 hr. The reduction of the C V was also blocked in cords incubated with EGTA-AM (Fig. 9C) . These results suggest that an increase in intracellular calcium is necessary for the modulation of the burst frequency and CV, and although this calcium could potentially come from several sources, it provides support for the link between the substance P-mediated modulation of NMDA receptors and the network modulation.
Effect of protein synthesis inhibitors on the long-term modulation
The results presented above show that substance P modulates the burst frequency and CV. The burst frequency modulation appears to be dependent on a PKC-mediated potentiation of NMDA responses and increased intracellular calcium levels. However, because the potentiation of cellular responses to Figure 6 . Substance P potentiates cellular responses to NMDA. The effects of 1 M substance P on responses to pressure-applied NMDA (1 mM) in an identified motor neuron (Ai, Aii) and a CC interneuron (Bi, Bii) are shown. NMDA was applied in the presence of 1.5 M TTX. The bottom trace on each graph shows the lack of effect of substance P on the input resistance of the neuron during the experiment. The effects of substance P in unidentified gray matter neurons persisted in the presence of bath-applied glycine (5 M) (C) and in nominally magnesium-free Ringer's solution ( D) . Graphs show representative data from a single experiment in each case.
NMDA does not last in excess of 2 hr, the modulation of NMDA responses cannot directly account for the long-term modulation. Two mechanisms that may underlie long-term changes in the nervous system, tonic activation of protein kinases (Greenberg et al., 1987; Thomas et al., 1994) and synthesis of new protein (Montarolo et al., 1986; Rose, 1991; Fazeli et al., 1993) , were thus examined.
The role of tonic protein kinase activation was examined by bath-applying PKC and cAM P-and cGM P-dependent protein kinase inhibitors 4 hr after the application of substance P, thus at a time when the putative NMDA-dependent induction mechanism had decayed and the maintenance mechanism should be established. In these experiments, H8 (n ϭ 4; 10 M) and chelerythrine (n ϭ 5; 10 M) failed to affect the modulated burst frequency (Fig. 8Ci) ( p Ͼ 0.1) or C V (Fig. 8Cii) (chelerythrine p Ͼ 0.1; H8 p Ͼ 0.05). These results suggest that the tonic activation of protein kinases is not required for the maintenance of the burst frequency or C V modulation.
Protein synthesis is required for long-lasting effects in several systems (Montarolo et al., 1986; Dale et al., 1987; Rose, 1991; Fazeli et al., 1993) . The role of protein synthesis in the long-term modulation of the lamprey network was examined by incubating spinal cords with the translational protein synthesis inhibitors anisomycin, puromycin, or cyclohexamide. In these experiments, two pieces of cord were again taken from the same animal, one cord being used as a control, whereas the other was incubated in translational inhibitors (10 M) for 1-4 hr. The effects of substance P in anisomycin-treated cords initially resembled that in the untreated cord. However, in every case the burst frequency recovered to control after washing for 2-3 hr (n ϭ 7 of 7) (Fig.  10 Ai). In untreated cords taken from the same animals, substance P resulted in the typical prolonged increase in burst frequency (n ϭ 7). Puromycin (n ϭ 3 of 3) and cyclohexamide (n ϭ 2 of 2) mimicked the effects of anisomycin (data not shown); however, cyclohexamide (n ϭ 4) could severely disrupt control locomotor activity, an effect not seen with anisomycin or puromycin (data not shown).
The effects of protein synthesis inhibitors on the CV again differed from that on the burst frequency. The modulation of the CV did not recover in anisomycin-treated cords (n ϭ 4 of 7) (Fig.  10 Aii), at least not at the 2-3 hr stage. Similar effects were seen with puromycin (n ϭ 3 of 3). These results suggest that the long-term modulation of the CV may not depend on new protein synthesis.
Protein synthesis inhibitors typically have a time window of effectiveness (Bergold et al., 1990; Freeman et al., 1995) . The time window during which application of protein synthesis inhibitors was able to block the prolonged substance P-mediated modulation of the burst frequency was examined by applying anisomycin at different times before and after substance P application. The long-term modulation was blocked when the cord was preincubated with anisomycin for 1-4 hr before substance P (n ϭ 7) (Fig.  10) . Application of anisomycin 30 min after substance P also blocked the long-term modulation of the burst frequency (n ϭ 4; data not shown). Application of anisomycin 1 hr after substance P had more variable effects, with the long-term modulation being blocked in three of five cords (data not shown). Application of anisomycin 2 or 4 hr after substance P failed to affect the longterm network modulation in any cord (n ϭ 7) (Fig. 10) . These results thus suggest that protein synthesis inhibitors are effective up to ϳ1 hr after substance P application.
Blockade of D2 receptors may induce a tachykinin-mediated potentiation
Colocalized dopamine and 5-HT both modulate NMDA-elicited fictive locomotion (Harris-Warrick and Cohen, 1985; McPherson and Kemnitz, 1994) . When the effects of dopamine and 5-HT receptor antagonists on locomotor activity were examined, the dopamine D2 receptor antagonist eticlopride (20 M) (Köhler et al., 1986 ) was found to potentiate the burst frequency and reduce the C V. Application of eticlopride for periods of Ͻ15 min resulted in a transient increase in burst frequency that recovered to control after washing for 1 hr (n ϭ 15; data not shown). However, application of eticlopride for 15-30 min resulted in a significant increase in burst frequency (n ϭ 25; p Ͻ 0.05) (Fig. 11 A,B) and reduction of the CV (n ϭ 25; p Ͻ 0.05; data not shown) that persisted after wash-off of 10 hr (Fig. 11 B) . This effect occurred over the range of NMDA concentrations used, although the effects were greater at lower initial frequencies (data not shown). In contrast to the effect of substance P, the effect of eticlopride on the burst frequency required the presence of NMDA or activation of the locomotor network or both, because it failed to develop when eticlopride was applied after washout of NMDA (data not shown).
Because the time course of the prolonged eticlopride-mediated modulation resembled that of the effects of 1 M substance P (Fig.  1C) , a role for tachykinins in the eticlopride-mediated modulation was sought by applying eticlopride in the presence of the tachykinin antagonist spantide II. In the presence of spantide II (4 M), eticlopride resulted in only a transient increase in burst frequency (n ϭ 7) (Fig. 11C) , similar to that seen after short (Ͻ15 min) Figure 8 . The role of protein kinases in the network potentiation. Bath application of the protein kinase C antagonist chelerythrine (10 M) blocked the increase in the frequency of NMDA-evoked locomotor bursts (Ai) and the reduction of the C V (Aii). H8, an inhibitor of cAMP-and cGMP-dependent protein kinases, did not block the increased burst frequency (Bi), but it did block the reduction of the C V (Bii). Chelerythrine and H8 did not affect the frequency (Ci) or CV (Cii) of locomotor bursts when applied 3-4 hr after substance P. Ai, Aii, n ϭ 6; Bi, Bii, n ϭ 5; Ci, Cii, chelerythrine, n ϭ 5; H8, n ϭ 4. applications of eticlopride. After wash-off of spantide II, eticlopride application (15-30 min) again resulted in a prolonged significant increase in burst frequency (n ϭ 7; p Ͻ 0.05) (Fig.  11C ). This effect of spantide II suggests that tachykinins are involved in the eticlopride-mediated modulation, possibly because of the endogenous release of tachykinins from the ventromedial plexus.
DISCUSSION
These results show that substance P and other tachykinins modulate the lamprey locomotor network by increasing the frequency and improving the regularity of the burst activity. Similar effects on burst frequency and C V have been shown for substance P on lumbar locomotor networks in the neonatal rat (Barthe and Clarac, 1997) , although the underlying mechanisms have not been examined. With 1 M substance P, which is in the physiological concentration range reported for neuropeptides (Duggan, 1995) , the modulation lasts in excess of 24 hr. Tachykinin release can thus reset the sensitivity of the locomotor network to glutamatergic locomotor drive signals.
We do not know yet on which tachykinin receptor substance P acts, but it does not appear to resemble the mammalian NK1 receptor, because a specific N K1 receptor antagonist did not block the effects of substance P and the effects were mimicked by neurokinin A. The effects were tachykinin-mediated, however, because in addition to neurokinin A, the molluscan tachykinin eledoisin and the amphibian tachykinin physalaemin all mimicked the effects of substance P, whereas the effects were blocked by the tachykinin antagonist spantide II. Immunohistochemical and HPLC analysis have suggested the presence of three different tachykinins in the lamprey. However, these are not identical to substance P, neurokinin A, or neurokinin B (Van Dongen et al., 1986) . The functionally important C-terminal sequence, however, appears to have been conserved (Waugh et al., 1995) , presumably allowing substance P to act as an agonist at the endogenous receptor(s).
Evidence for endogenous activation of tachykinin receptors
Exogenously administered tachykinins cause prolonged effects on the locomotor network. Endogenous tachykinin release also appears to cause corresponding effects. The tachykinin antagonist spantide II significantly reduced the frequency of NMDA-elicited ventral root bursts, whereas the endopeptidase inhibitor phosphoramidon potentiated the burst frequency and reduced the CV, an effect that lasted for at least 5 hr with higher concentrations. These results suggest that a low level of endogenous tachykinins is released during network activity. In addition, dopaminergic D2 receptors appear to influence the endogenous release of tachykinins, because administration of the D2 receptor antagonist eticlopride resulted in a spantide II-sensitive long-lasting increase in burst frequency and reduction of the coefficient of variation. The prolonged time course and sensitivity to tachykinin antagonists suggests that this effect was also mediated by tachykinins. Thus, dopamine, which is found in the ventromedial plexus (Van Dongen et al., 1986; Schotland et al., 1995) , may regulate endogenous tachykinin release. This result provides indirect evidence that endogenous tachykinins affect the locomotor network. The effects of D2 receptors in controlling endogenous tachykinin release needs to be examined further. In addition, the role of endog- enously released tachykinins in modulating locomotor activity under more natural conditions-for example, after brain stem or tail fin stimulation (McC lellan and Grillner, 1984; -needs to be examined.
The network effects of substance P
Tachykinins increased the frequency and reduced the CV of ventral root bursts. Several results suggest that these two effects have independent underlying mechanisms. First, there is no correlation between the C V and burst frequency, suggesting that the CV modulation was not simply a consequence of the increased burst frequency. Second, although the burst frequency modulation was NMDA-dependent, but did not require NMDA or network activity during substance P application for its induction, the modulation of the C V was NMDA-independent but required that substance P be applied in the presence of network activity. Third, the C V modulation was blocked by H8, an inhibitor of cAMP-and cGM P-dependent protein kinases, whereas the burst frequency modulation was unaffected. Finally, the long-lasting effect on the burst frequency was consistently blocked by protein synthesis inhibitors, whereas the effects of protein synthesis inhibitors on the C V modulation were more variable.
Mechanisms contributing to the tachykinin-mediated modulation of burst frequency
Of the two effects on the locomotor network, the mechanisms underlying the modulation of the burst frequency are known in most detail. There appear to be at least two phases contributing to this effect: one phase that lasts for up to ϳ2 hr and may contribute to the short-term effects of nM concentrations of substance P or the induction of the long-term effects or both, and a second long-lasting phase that begins ϳ2-3 hr after substance P application and is blocked by protein synthesis inhibitors.
Several lines of evidence suggest that the network modulation is dependent on the potentiation of glutamatergic synaptic transmission because of a specific effect on the NMDA component of the synaptic potential. First, substance P potentiated NMDAevoked network activity and cellular responses to NMDA, providing a correlational link between these effects; second, the network effects were blocked by intracellular calcium chelation, which because NMDA receptors can provide one source of this calcium (Mayer and Westbrook, 1987; Wallén and Grillner, 1987) provides support for the role of NMDA receptors in the network modulation; third, the potentiation of cellular responses to NMDA was PKC-dependent, and inhibitors of PKC also blocked the network modulation; fourth, although the modulation of the burst frequency did not require NMDA or network activity during substance P application, the effects were blocked if NMDA was not reintroduced to the bath within ϳ1 hr after substance P, approximately matching the time course of the potentiation of NMDA responses; and finally, the effects of substance P on kainate-evoked locomotor activity were blocked when substance P was applied in the presence of the NMDA receptor antagonist AP-5. Taken together, these results strongly suggest that the potentiation of NMDA responses is central to the burst frequency modulation.
The modulation of NMDA responses is associated with an increase in the amplitude of monosynaptic glutamatergic EPSPs, shown by making paired recordings from presynaptic reticulospinal axons or excitatory interneurons and postsynaptic motor neurons or unidentified network neurons (Parker and Grillner, 1998 ; Figure 10 . Protein synthesis inhibitors block the long-term substance P-mediated potentiation of the burst frequency. Ai, Graph showing the effects of 1 M substance P on NMDA-evoked burst frequency in control cords and in cords incubated in the protein synthesis inhibitor anisomycin (10 M) for 1-4 hr before substance P application. Data from seven anisomycin-treated and seven nonanisomycin-treated cords are shown. Aii, Graph showing the effects of substance P on the C V in seven anisomycin-treated and seven nontreated cords. Traces show the effects of substance P on ventral root activity in a control (Bi) and an anisomycin-treated cord (Bii).
D. Parker, unpublished observations). The synaptic potentiation is mediated presynaptically and postsynaptically, the postsynaptic effect being caused by the specific modulation of the NMDA component of the synaptic potential. The time course of the synaptic potentiation matches that of the potentiation of NMDA responses.
The maintenance phase of the burst frequency modulation, which begins ϳ2-3 hr after substance P application, was blocked by protein synthesis inhibitors. The protein synthesis inhibitor anisomycin was effective if given before or up to 1 hr after substance P application. This is similar to the time window of effectiveness of anisomycin in blocking aversive learning in the chick (Freeman et al., 1995) and long-term facilitation in Aplysia (Bergold et al., 1990) . Biochemical evidence showing that new protein synthesis occurs is required to confirm the role of protein synthesis. However, two results suggest that these inhibitors were not simply having toxic or nonspecific effects on the locomotor network. First, incubation in anisomycin for up to 7 hr did not disrupt locomotor activity, and second, application of anisomycin for 1 hr did not affect potentiated network activity when applied 2-4 hr after substance P.
Information is not yet available on what cellular and synaptic effects underlie the long-lasting protein synthesis-dependent phase of the network modulation. Substance P has several cellular and synaptic effects (Parker and Grillner, 1998; D. Parker, unpublished data) , including the modulation of the membrane potential and excitability of network neurons and the presynaptic and postsynaptic potentiation of glutamatergic synaptic transmission. However, because these effects all recover after washing for 2 hr at most, they cannot contribute directly to the maintained network modulation, but again could have a role in its induction or in the short-term effects of substance P.
One mechanism that has not been discussed is the role of non-NMDA receptors in the modulation of NMDA-evoked network activity. The maintenance of certain forms of hippocampal long-term potentiation rely on non-NMDA receptors after NMDA-dependent induction (Bliss and Collingridge, 1993) . Locomotor activity in the lamprey has a low-frequency range (usually 0.05-3 Hz) , which has been reported to be mediated solely by NMDA receptor activation (Alford and Grillner, 1990) , and a high-frequency range (0.5-8 Hz) that is elicited by kainate and AMPA receptor activation . Because substance P potentiated the frequency of bursts elicited by low (50 M) NMDA into at least the high-frequency range for NMDA swimming (Fig. 1 D) , the involvement of non-NMDA receptors could be implicated in the potentiation of NMDA-evoked activity. Attempts to examine this were hampered by the disruption of NMDA-evoked locomotor activity after application of the non-NMDA receptor antagonists CNQX or NBQX (5-10 M; n ϭ 9 of 14) (D. Parker, unpublished data). Two results, however, suggest against a role for non-NMDA receptors in the substance P-mediated modulation. First, substance P does not affect cellular responses to pressure-applied AMPA, and second, the potentiation of glutamatergic synaptic inputs is attributable to a specific effect on the NMDA component of the synaptic potential (D. Parker, unpublished data). Thus, there is as yet no evidence for a role of non-NMDA receptors in the network modulation.
Role of the substance P-mediated network potentiation
The DA /5-HT/ TK-containing neurons are unpaired and form a dense bilateral plexus in which the dendrites of locomotor network neurons ramif y. This bilateral plexus is thus well suited to influence the spinal locomotor network. Tachykinin release could have transient or prolonged effects, depending on the endogenous levels reached. Because the activity evoked in the isolated spinal cord resembles that in intact animals, this tachykinin release will result not only in faster swimming, but because of the modulation of the C V it will result in more regular burst activity and thus better "quality" swimming. Such changes may be important in adapting the motor pattern to different levels of activity, for example, when the animal changes from a sedentary to a migratory pattern of behavior (Hardisty and Potter, 1981) .
